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a b s t r a c t
A continuum damage mechanics based mesoscale model is developed within a thermodynamics
framework to describe the in-plane tensile response in natural ﬁbre composites. The standard Mesoscale
Damage Theory (MDT) is modiﬁed to incorporate damage and inelasticity evolution in the ﬁbre-
direction, thereby capturing the unique nonlinear ﬁbre-direction response evidenced in natural ﬁbre
composites (NFC). The multi-ply damage model is validated using tests on Flax/epoxy laminates and
available data on Carbon/epoxy laminates. Model parameters are identiﬁed for Flax/epoxy by applying an
optimisation algorithm that compares numerical predictions with experimental data. Predictions of
mechanical response, stiffness degradation, and inelasticity correlate very well with experimental ob-
servations of Flax-laminates. This modiﬁed-MDT model offers a predictive, robust tool to aid the
development of NFC engineering structures.
1. Introduction
Natural, plant-based ﬁbres have been shown to have consider-
able potential in replacing synthetic engineering ﬁbres as rein-
forcement in composites [1e6]. Favourable mechanical, economic,
and renewable characteristics have made natural ﬁbre based
composites (NFC) a popular class of material, as evidenced by a
recent surge of publications on the subject [7e15]. Compared to
synthetic-ﬁbre composites, plant-based NFCs are low-cost and
lightweight, require less energy tomanufacture [3], are CO2-neutral
[16], easier to tool and less toxic during processing [3,16], and result
in simpler, non-toxic recycling [1,10,16]. They also offer good spe-
ciﬁc mechanical properties [4,7,17,18], good thermal and acoustic
insulation [7], and greater energy absorption at high strain rates
[19]. In pursuit of developing sustainable, environment-friendly
composites for load-bearing applications, Flax ﬁbre (Linum usita-
tissimum L.) has been shown to compare most favourably with
Glass ﬁbre, when considering other plant ﬁbres, e.g. hemp, sisal,
jute, bamboo [2,5,7,20]. Flax ﬁbre performance is reported tomatch
or exceed Glass ﬁbre in speciﬁc strength (1300 vs 1350 MPa/g-
cm3) [2], speciﬁc modulus (20e70 vs 30 GPa/g-cm3) [2,7], cost
per weight (0.5e1.5 vs 1.6e3.25 USD/kg) [2], cost per length
required to resist 100 kN (0.05e0.65 vs 0.1e0.4 USD/m) [2], and
production energy consumption (11.4 vs 50 MJ/kg) [5]. Several
obstacles to the mainstream industrial acceptance of NFCs have
been identiﬁed that are subjects of ongoing research: ﬂammability
and lower resistance to ignition [7,16,20], limited range of operating
temperatures [7], hygrophilic unless waterproofed [21e25], ﬁbre-
matrix bonding strength [17,23,26e29], nonlinear ﬁbre response
[16,21,30e32], limited mechanical data on composites [33,34], and
a notable scarcity of validated models to accurately predict their
internal damage. Successful innovation and adoption of high-
performance NFCs depends on an accurate understanding of their
physical damage mechanisms, supported by the development of
predictive mechanical behaviour models that can emulate these
mechanisms. Predicting damage initiation, damage progression,
and development of failure conditions is essential to reliably design
engineering components e and such capability remains relatively
immature for NFCs when compared to traditional Carbon or Glass
composites. Note that, in this study, natural ﬁbres refer to plant-
based ﬁbres only. This study develops a damage mechanics based
model of in-plane tensile response in NFCs that accounts for their
unique nonlinear ﬁbre-direction response and internal damage
progression. Considering Flax ﬁbres have been shown to be the
most promising natural ﬁbre candidate for engineering applica-
tions, the model developed in this study is based on tensile test
observations of a Flax ﬁbre reinforced composite, thereby identi-
fying Flax-speciﬁc model parameters.
1.1. Damage mechanisms in plant ﬁbres and their composites
Damage may be thought of as surface or volume discontinuities
(microcracks and microvoids) [35,36]. Different types of damaging
mechanisms encourage the development of such physical discon-
tinuities, resulting in continuously evolving (typically degrading)
material properties until the eventual failure of load-carrying ca-
pacity [36e38]. Flax ﬁbres are known to exhibit a varying stiffness
and inelastic deformation under tension [30]. ‘Loop’ tests on
elementary (single) Flax ﬁbres show that plastic deformation begins
in the compressive side of the loop, whereas failure occurs on the
tensile side. The primary cell walls break in a brittle manner, while
the ﬁbrillar secondary cell walls tend to split along the ﬁbre length
and also exhibit coarse crack progressions [39]. Romhany et al. [40]
investigated tensile failure of Flax ﬁbre bundles (or technical ﬁbres)
using acoustic emissions and in situ SEM inspection, and found the
sequence of failure in a ﬁbre bundle to be (i) axial splitting along the
elementary ﬁbre boundaries (breakdown of pectin layers), followed
by (ii) radial or transverse cracking in elementary ﬁbres, concluding
with (iii) merging of the axial splits and transverse cracks leading to
complete fracture of elementary ﬁbres and microﬁbrils.
Tensile damage in composites of natural ﬁbres share some
similarity with well-known composite damage mechanisms. NFCs
demonstrate a nonlinear response, with an initial rapid stiffness
degradation rate that eventually decreases e unlike composites of
synthetic ﬁbres e.g. Glass where stiffness degradation tends to be
constant and linear [41,42]. This difference in response is attributed
to the inherent non-homogeneous nature of natural ﬁbres: hier-
archical structure [30,39,43], defects in individual ﬁbres [44e46],
and variable ﬁbre geometry [47,48]. Depending on the matrix
material used in the composite, some or all of the following distinct
damage progression mechanisms have been identiﬁed through
studies on NFC microstructure: (i) microﬁbril reorientation in the
natural ﬁbre secondary cell wall, (ii) ‘intra-bundle’ cracking, indi-
cating splitting apart or separation of elementary ﬁbres within a
yarn bundle, (iii) transverse cracking in ﬁbres, (iv) ‘circum-bundle’
interfacial cracks along the ﬁbre-matrix boundary that indicate
debonding or peeling, and (v) matrix shear cracks [23,49e59].
Under tensile loading, the combined progress of ﬁbre transverse
cracking and axial splitting leads to ﬁbre breakage [40,50]. The
circum-bundle propagation of ﬁbre-matrix debonding is under-
stood to be the precursor to ﬁbre ‘pull-out’ evidenced on tensile
fracture surfaces of NFC composites [49,52,59]. Interestingly, ma-
trix cracks are not signiﬁcantly reported [57e59] or considered
critical to composite failure in Flax-reinforced composites. Under
both tensile and compressive loading, similar ﬁbre-matrix inter-
facial cracks of adjacent ﬁbre bundles merge and propagate along
inter-laminar boundaries (between plies) to cause eventual
delamination before fracture [51,59].
1.2. Modelling mechanical properties and damage evolution in
NFCs
Well-known semi-empirical models and polynomial-based
failure criteria (e.g. rule-of-mixtures, Halpin-Tsai equation, shear
lag models, Maximum Stress criterion, Tsai-Hill criterion etc.) have
been shown to reliably predict NFC tensile modulus and strength,
as shown in the works of Facca et al. [60,61], Hughes et al. [41], and
Shah et al. [53]. Andersons et al. [62] proposed a semi-empirical
model whereby tensor-based orthotropic stress-strain relation-
ships weremade to ﬁt experimental observations of single ply Flax-
composites, and classical laminate theory was employed to simu-
late laminate tensile response. The authors showed that a purely
macroscale analytical approach can offer reasonable reproductions
of nonlinear behaviour in NFC UD-laminates e except for [±45]nS
layups, where the simulated response diverges from the experi-
mental after0.8e1.0% strain. This, the authors note, is because the
‘rotation’ of the angled plies (changing of ply orientation) in the test
specimens is not accounted for in the model [62]. Recently, Pan-
amoottil et al. [63] demonstrated a ‘hierarchical’ approach to
simulate tensile response of a single resin-impregnated Flax yarn.
Analytical microscale models (experimentally validated) are
developed separately for elementary Flax ﬁbre, matrix resin, and
the ﬁbre-matrix interphase layer, which are then combined in a
ﬁnite element based ‘unit model’ of a Flax yarn (bundle of
elementary ﬁbres) impregnated and surrounded by matrix. A
salient feature of this work is that the elementary ﬁbres are treated
as composites themselves, idealised as cylindrical tubes of varying
diameters, reinforced by microﬁbrils at variable orientations, gov-
erned by classical laminate theory. Plastic yield and failure in all
material phases are predicted by polynomial criteria. The authors
intend to eventually simulate a full NFC laminate in the future by
building a macromodel of repeated units of aforementioned
micromodel [63].
NFCs are known to accumulate progressive damage and per-
manent deformation well before ﬁnal failure [53,56,59]. Analytical
models, such as those discussed above, can be calibrated to capture
initial undamaged mechanical properties, overall laminate
nonlinear response, and ﬁnal failure in composites of different
natural ﬁbres at varying ﬁbre volume fractions and ply orientations.
However, these models do not typically offer the means to predict
the initiation and evolution of internal damage or permanent
strains e as can be done when taking a damage mechanics
approach to modelling. Continuum Damage Mechanics (CDM)
techniques apply continuum constitutive models wherein damage
and inelasticity are quantiﬁed by evolving internal state variables
and associated thermodynamic forces that represent, directly or
indirectly, the distribution of microdefects in the material [36,64].
Panamoottil et al. [58]. proposed another semi-empirical approach
to model UD Flax/polypropylene tensile response that does incor-
porate a progressive degradation of stiffness. The authors imple-
ment a tensorial anisotropic elasticity relationship where a damage
effect tensor degrades the laminate compliance. This damage effect
tensor is deﬁned in terms of crack densities measured from direct
microscropic observation of physical cracking in tested specimens
(microstructure imaged at the three orthotropic planes), following
the work of Voyiadjis and Venson [65]. Note that only cracks within
and around Flax bundles were measured, since matrix cracks were
not detected. Measurements were taken from specimens tested at
various load levels up to failure, in order to quantify damage tensor
entries for those load levels. When executed, the model produces a
poor reproduction of experimental monotonic response for single
plies, however, the simulation improves for a ﬁve-ply UD laminate
[58]. No simulation results are reported for transverse or shear
response. While this approach offers a direct means to estimate
progressive stiffness degradation damage in terms of physical crack
density, it is perhaps better suited for UD plies, not multi-
orientation laminates where crack identiﬁcation and measure-
ment will prove a cumbersome exercise. Furthermore, this
approach is not developed within a framework of thermodynamics,
so it is unable to follow inelasticity evolution and predict perma-
nent strains.
Poila^ne et al. [66] developed a thermodynamics and CDM-based
viscoelastoplasticmodel for ﬁbre-direction-only tensile response in
a single-ply Flax/epoxy composite. The strain response was
considered split into pure elastic, viscoelastic, and viscoplastic
components. Based on observations from creep and repeated load-
unload tests, the authors propose free energy and dissipation po-
tentials that capture plastic yielding, temperature dependence and
strain rate effects in the ﬁbre-direction. Notably, the proposed
model (i) does not incorporate or deﬁne any damage state variable
(i.e. no degradation of mechanical properties is allowed for), and (ii)
viscoplastic behaviour is modelled as a combination of classical
linear kinematic hardening (pure translation of ﬁbre-direction
elastic domain) and a nonlinear kinematic hardening (translation
coupled with contraction of elastic domain). As such, while mate-
rial modulus is assumed constant, the irreversible effects of
damaging phenomena was considered captured in the plasticity
laws. Note that this assumption of constant ﬁbre-direction stiffness
is an approximation of Flax/epoxy response, which has been shown
to have a clear stiffness degradation at room temperature by
Mahboob et al. [59]. The authors Poila^ne et al. concluded that ﬁbre-
direction (i) viscous deformation exists at any temperature, (ii)
viscoelastic effects are not signiﬁcant at room temperature, so (iii)
Flax/epoxy nonlinear behaviour can be attributed to plastic (or
viscoplastic) effects, (iv) that are well captured by a combined
linear and nonlinear kinematic hardening model [66].
Recently, Sliseris et al. [67] proposed two CDM-based micro-
mechanical models within a thermodynamic framework: one for a
random distribution short-ﬁbre Flax/polypropylene, and another
for a single-ply woven fabric Flax/epoxy composite, both under
tension. For the short-ﬁbre Flax/polypropylene model, ﬁbre length
and diameter were randomly distributed, and separate constitutive
laws were deﬁned for (i) elementary Flax ﬁbre, (ii) ‘defected’ re-
gions of elementary ﬁbre, (iii) regions between elementary ﬁbres
but within overall yarn bundle (intra-bundle), and (iv) matrix resin.
An interesting feature is that the authors chose to separately
distinguish material behaviour in ﬁbre defect regions and in intra-
bundle regions to better reﬂect reported observations of kink-
bands and of weak pectin-hemicellulose adhesion between
elementary Flax ﬁbres in a bundle, respectively. The ﬁbres were
modelled simply as linear elastic (constant stiffness), but the
defected ﬁbre and intra-bundle regions were modelled as brittle
materials with linearly degrading stiffness (damage variable
deﬁned) after a speciﬁed threshold. The matrix is modelled with
constant stiffness and von Mises plasticity with isotropic hard-
ening. For the woven fabric Flax/epoxy model, both Flax ﬁbre and
matrix were governed by nonlinear, isotropic hardening plasticity
laws, but with no state variable laws that would permit any
degradation of material properties. Both models were exercised via
a ﬁnite element based RVE (representative volume element) loaded
in tension. The models captured the initiation and progressive
evolution of ‘damaged zones’ (locations that develop plasticity or
ﬁbre damage), and the RVE response closely reproduced experi-
mentally observed nonlinear stress-strain response [67].
Since thermodynamics based CDM techniques are able to (i)
make predictions of damage initiation within plies from an un-
damaged state (unlike fracture mechanics methods that require a
pre-existing crack) and (ii) capture the evolution of interim diffuse
damage within each ply until rupture (unlike the failure-criteria-
based analytical approaches that can only track ply failures), the
present study models damaged mechanical response in Flax-
laminates by modifying an existing mesoscale CDM framework
developed at LMT-Cachan (Laboratoire de Mecanique et Tech-
nologie, Cachan, France), described by Ladeveze and others
[35,68,69]. Named the Mesoscale Damage Theory (MDT) by Her-
akovich [35], it is the basis for a large number of CDM models in
literature, and has been shown to be robust in predicting damaged
response of composite structures under a variety of conditions
[35,70e84]. ‘Meso’-scale implies that the scale of analysis is be-
tween that of micromechanics (the level of constituents) and
laminate analysis (macroscale). The main assumption in this
framework is that laminate response under any loading until frac-
ture can be predicted by modelling two elementary mesoscale
entities: the ply and the interface, and a constitutive law is devel-
oped for each that includes inelasticity and damage. Typically, the
interface layer is idealised as a mechanical surface that connects
two plies, and only included in the model when delamination or
out-of-plane deformation is of interest [71,72,74]. Applying the
concept of mean effective stress, the hypothesis of strain equivalence,
and based on the thermodynamics of irreversible processes [37,38],
the standard MDT model predicts in-plane damage growth in a
single ply due to damage mechanisms that change material prop-
erties in the ﬁbre-direction, transverse direction, and in-plane
shear e each represented by a unique damage variable [68,69].
The model, as adapted in this study, will be further described in the
following sections.
While the approach of Andersons et al. [62] offers a convenient
macroscale method to simulate overall stress-strain response of
multi-orientation Flax-laminates, capturing internal damage and
residual inelasticity is out of its scope. The microscale models
proposed by Sliseris et al. [67], while demonstrating that individual
damaging mechanisms may be modelled separately, (i) assumes
ﬁbre modulus degradation only in the kink-bands and intra-bundle
regions (ignores other ﬁbre damage effects, e.g. cell wall reorgan-
isation or cracking), which are (ii) modelled as brittle, simple linear
function degradations (may not reﬂect reported nonlinear,
continuous damage evolution [56,59]), and (iii) are not validated
for UD off-axis loading. Poila^ne et al. [66] showed a well-validated
means of incorporating rate effects (viscoelasticity and viscoplas-
ticity) at the mesoscale ply-level, but assumes the nonlinear
response to be completely due to viscous or plastic deformation,
and therefore does not allow for material damage effects in their
model formulation. Considering that Flax/epoxy ﬁbre-direction
modulus reduces by 20% at room temperature [59], ignoring
this loss of stiffness (or any other degradation effect of damage) is
an inaccurate assumption that unduly magniﬁes the role of plastic
effects. While the assumption may yet allow a reasonable simula-
tion of ﬁbre-direction response, the model needs further expansion
by incorporating damage kinematics in order to capture tensile
response in transverse and shear planes, or even compressive
responsee all of which exhibit up to 50% stiffness degradation [59].
As such, in this study we submit a mesoscale alternative to
recently proposed models that quantiﬁes and couples material
damage and inelasticity, proposing nonlinear evolutions for both
based on experimental observations, thereby allowing a ply-level
scrutiny of initiation and progression along the principal ortho-
tropic directions of a multi-directionally reinforced NFC laminate e
with Flax/epoxy-speciﬁc model parameters identiﬁed.
2. Experiments
2.1. Manufacturing
A review of typical factors affecting manufacturing of NFCs can
be found in Refs. [13,85]. In this study, commercially available dry
UD FlaxPly® (Lineo NV, Belgium [86]) with areal density 150 g/m2
was used as reinforcement. Laboratory measurements indicate the
Flax fabric has a density of 1.47 ±0.24 g/cm3. A total of sixteen layers
were used to manufacture every composite laminate tested in this
study. The fabric architecture is predominantly unidirectional held
together by a periodic cross-weave, with 40 strands in the 0-di-
rection and 3 across within a unit-squared area (Fig. 1). Each strand
is a twisted bundle of elementary ﬁbres with a bundle diameter of
150e300 mm (Fig. 2). Note that, while the fabric is not perfectly
unidirectional (due to the presence of cross-weave strands), a
previous study on the same Flax fabric composites [59] showed that
the tested mechanical properties compare very well with existing
published data on unidirectional continuous-ﬁbre Flax composites
e thus indicating that the cross-weaves do not have a signiﬁcant
inﬂuence on the bulk composite response, and that the fabric may
be considered practically unidirectional in nature.
For the matrix, hot-curing epoxy resin Araldite® LY 1564 and
hardener Aradur® 22962 (Huntsman Corporation, The Woodlands,
TX, USA) were used. Following supplier recommendation, the
epoxy-to-hardener ratio was maintained at 4:1 by weight. Spec-
imen platesweremanufactured by hand-layup of Flax ﬁbres soaked
in the epoxy-hardener mixture, followed by a heated platen press
consolidation procedure (Fig. 3(a)). The Flax fabric was not sub-
jected to any treatment before composite manufacture. The cure
cycle began at 120 C for 15min followed by 150 C for 2 h, resulting
in a glass transition temperature (Tg) of 130e140 C per supplier
speciﬁcations.
All manufactured plates were around 4 mm thick. Since con-
ventional techniques of estimating volume fraction (e.g. per ASTM
D3171) involve matrix digestion or matrix burn-off processes that
will severely degrade organic ﬁbres, such methods are unsuitable
for plant ﬁbre composites. Considering this, the constituent frac-
tions were determined using an optical method whereby SEM
cross-section images are examined using image analysis software
to estimate area fractions of ﬁbre, matrix, and void regions. The area
fractions thus determined are considered to be representative of
the volume content. Details of this method can be found in Ref. [59]
where the same Flax-epoxy composites were studied. Random
measurements of manufactured samples indicated an average ﬁbre
volume fraction of 49.6% ±2.3, and void content of 3.3% ±3.0.
Rectangular 25025 mm specimens (Fig. 3(b)) were cut from
manufactured plates by ﬁne-cutting diamond-edge saw, followed
by edge grinding for a ﬂat ﬁnish. Specimens were tabbed with
64 mm tapered aluminium tabs. The specimen and tab dimensions
are within the guidelines of ASTM D3039 [87].
2.2. Testing
All tensile tests were conducted at room temperature and
pressure conditions in a servo-hydraulic MTS 322 (Eden Prairie,
MN, USA) test frame at a displacement rate of 2 mm/min. Longi-
tudinal strain was measured using a uniaxial extensometer (gauge
length 0.5 in, or 12.7 mm), and transverse strainwas measured by a
350U strain gauge. To observe the evolving stiffness of specimens
and thereby measure damage progression, repeated cycles of
loading and unloading are imposed on specimens at progressively
increasing maximum loads until specimen fracture. Fig. 4 shows
the evolving stiffness and the inelastic strain measured from a
typical cycled load-unload response plot. Note that the hysteretic
response can be considered as linear elastic.
3. Model
The Mesoscale Damage Theory (MDT) essentially allows pre-
diction of damage and permanent strain development in an
elementary ply in a ﬁbre reinforced composite. The ply is consid-
ered to be an orthotropic elastic-plastic material that demonstrates
Fig. 1. Dry UD FlaxPly® fabric from Lineo NV, Belgium. Fabric is predominantly unidirectional, held together by a periodic cross-weave. Ratio of 0 strands to 90 cross-weave
strands is 40:3.
deteriorating mechanical properties (reﬂected in stiffness tensor)
due to internal damage under applied loading. It is assumed that
the damage events are uniformly distributed through the thickness
of a ply, and that the damage state can vary from ply to ply. As will
be outlined in the following sections, the damage model is applied
for each ply in the laminate being loaded and the resulting
global laminate response is determined. A full description of the
standard model, including validated examples, can be found in
Refs. [35,68,70]. Since the standard MDT model assumes a simple
linear elastic brittle response in the ﬁbre-direction, therefore un-
suitable for modelling NFCs, this study improves the model further
by introducing formulations for ﬁbre-direction damage and plas-
ticity, so as to effectively describe the nonlinear NFC response.
3.1. Mesoscale damage theory preliminaries
The MDT is developed within the framework of irreversible
thermodynamics. Considering that damage and inelasticity effects
are observed in the deforming composite, the constitutive model
must include both physical processes while satisfying the funda-
mental postulates of thermodynamics. The Gibbs Free Energy G is
chosen as the thermodynamic potential function to represent the
Fig. 2. Cross-section SEM images of post-manufacture [0]16 Flax-epoxy: (a) at 100 showing very good contact between Flax bundles (lighter shade) and epoxy matrix (darker
shade); and (b) at 300 showing porosity, and collapsed lumen within elementary ﬁbres.
thermodynamic state of a single ply, expressed as:
G ¼ 1
2
s : ~L
1
: s a : sðT  T0Þ þ c0

½T  T0  T ln

T
T0

 s0T þ HðpÞ
(1)
where s is the stress tensor, ~L is the stiffness tensor of the damaged
material, a is the thermal expansion tensor, T0 is the reference
temperature, c0 is the reference speciﬁc latent heat, and s0 is the
reference speciﬁc entropy, p is a set of internal variables related to
plasticity mechanisms, and HðpÞ is a set of plastic hardening related
functions. Please note that ‘:’ operator implies tensor product,
where if A and x are higher- and lower-order tensors, respectively,
then A : x≡Ax, and x : x≡xux.1
Considering hðpÞ ¼ vHvp as the partial derivatives of the plastic
hardening function, then based on the framework of generalised
standard materials, the stress s and local speciﬁc entropy produc-
tion gloc can be expressed as [88]:
s ¼ ~L ðε aðT  T0Þ  εp Þ; gloc ¼ s : _εp  h pð Þ : _p (2)
where εp is the plastic strain tensor.2 Each plastic yield surface
related to a plasticity mechanism is represented by one internal
variable in the set p and deﬁned as a function of the mean stress in
the damaged ply. This stress is deﬁned using the stiffness tensor of
the damaged material ~L :
s ¼ ~L : ε (3)
The effective stress state of the material ~s is deﬁned as follows, at
the same strain state:
~s ¼ L : ε (4)
where the effective stress is representative of the actual stress state
experienced by the damaged material.
Following (3)e(4), the relationship between ply effective stress
~s and mean stress s is deﬁned:
~s ¼ L ~L 1 : s; (5)
where the damaged stiffness tensor ~L can be expressed by a set of
internal damage variables d ¼ ½d11 d22 d12u that represents
the damage state of the material:
~L ¼ ~L ðd;L Þ (6)
The elastic constants of the damaged ply formulated as a func-
tion of the damage variables are:
E1 ¼ ð1 d11ÞE01; s11  0; otherwise E1 ¼ E01
E2 ¼ ð1 d22ÞE02; s22  0; otherwise E2 ¼ E02
G12 ¼ ð1 d12ÞG012; s12  0; otherwise G12 ¼ G012
(7)
where E1, E2 and G12 are the ﬁbre-direction, in-plane transverse,
and in-plane shear moduli, respectively.3 As for the internal vari-
ables, d11 quantiﬁes ﬁbre-direction stiffness degradation damage,
d22 represents in-plane transverse damage, and d12 represents in-
plane shear damage. Accordingly, the initial transversely isotropic
behaviour becomes orthotropic when at least one of these damage
quantities becomes non-zero.
For a purely mechanical, isothermal deformation process in
Fig. 3. (a) Hot platen press consolidation setup for composite plate manufacture, [0/
90]4S layup is shown as an example only; (b) Test specimen dimensions.
Fig. 4. Typical response under cycled progressive load-unload, showing evolving
modulus E, elastic strain εe , and permanent strain εp .
1 For example, operation s : ~L 1 : s is equivalent to matrix multiplication
fsgu½ ~L 1fsg.
2 The time derivative (rate) of any quantity is represented by a dot above.
3 The superscript notation 0 indicates initial undamaged moduli, to be deter-
mined experimentally.
orthotropic materials, the thermodynamic potential function can
be reduced to the elastic strain energy WD expressed in terms of
the material properties and damage variables [35,36,68,89].
Assuming that damage affects the elastic energy of a material only
in tension:
2WD ¼ s : ~L 1 : s ¼
hs11i2þ
E01ð1 d11Þ
þ hs11i
2

E01


2
n12
E1

s11s22


2
n13
E1

s11s33 

2
n32
E3

s22s33 þ
hs22i2þ
E02ð1 d22Þ
þ hs22i
2

E02
þ s
2
33
E3
þ s
2
12
G012ð1 d12Þ
þ s
2
13
G13
þ s
2
23
G23
(8)
where, following [35], it is assumed that the ratios n12E1 ¼
n21
E2
, n13E1 ¼
n31
E3
,
and n32E3 ¼
n23
E2
; and:
〈a〉þ ¼ a if a  0; otherwise 〈a〉þ ¼ 0
〈a〉 ¼ a if a  0; otherwise 〈a〉 ¼ 0
(9)
Unlike the fully linear-elastic, brittle ﬁbre material assumed in
typical MDT models, experimental tests conducted for this study
conﬁrm that Flax-composites exhibit progressive damaging
behaviour (modulus degradation) in the ﬁbre-direction. The ther-
modynamic force conjugates for all in-plane internal damage vari-
ables in a single ply are therefore derived:
Y11 ¼
vWD
vd11
¼ 1
2
hs11i2þ
E01ð1 d11Þ2
Y22 ¼
vWD
vd22
¼ 1
2
hs22i2þ
E02ð1 d22Þ2
Y12 ¼
vWD
vd12
¼ 1
2
s212
G012ð1 d12Þ2
(10)
3.1.1. Damage evolution
Since the ply material is considered ‘non-healing’, damage
values do not decrease upon unloading, and must remain at the
previous peak value until a higher damaging load is applied. We
consider damage evolution in the ﬁbre-direction decoupled from
transverse and shear damage, so the governing forces for in-plane
damage evolution are:
where b is a transverse-shear damage coupling parameter (to be
determined) to express the relative effect of shear and transverse
stresses on the ﬁbre-matrix debonding mechanism; and subscripts
f, t & s denote ﬁbre-direction, transverse, and shear, respectively.
From tensile tests on [0]16 Flax/epoxy specimens, the ﬁbre-
direction damage was observed to follow an exponential proﬁle,
approaching a limiting value of 0.2 before specimen fracture
(Fig. 5(a)). For transverse and shear damage, the standard MDT
linear evolutions were found to adequately describe Flax/epoxy
damaged response. Therefore, the following set of damage evolu-
tion functions is proposed:
with the following Kuhn-Tucker conditions:
Fdij  0; _dij  0; Fdij _dij ¼ 0; for i; j2f1;2g (13)
where Fdij is the damage function for the corresponding damage
variable dij, εmax11 is the ﬁbre-direction ultimate strain, whilem, dlim,
Y0f , Y
0
t ;Y
c
t ;Y
0
s , Y
c
s , Y
max
22 , and Y
max
12 are parameters to be determined;
and 〈…〉þ is deﬁned earlier in (9).
A damage value of dij ¼ 1 indicates a complete loss of stiffness in
plane ij. Note that both transverse and shear damage evolutions as
deﬁned in (12) are not inﬂuenced by ﬁbre-direction parameters e
i.e. the ﬁbre-direction damage remains fully decoupled from
transverse-shear in our proposed model.
3.1.2. Inelasticity evolution
As discussed earlier, Flax-composites have been shown to
develop permanent strains when loaded beyond a threshold limit.
The standard MDT formulation [35,70] is adapted here to simulate
inelasticity in NFCs, wherein the total strain in any orthotropic di-
rection is decomposed into elastic and inelastic components:
_εij ¼ _εeij þ _εpij; for i; j2f1;2g (14)
where e and p represent elastic and inelastic components,
Yf ¼
ﬃﬃﬃﬃﬃﬃﬃ
Y11
p
; fibre damage; fracture
Yts ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Y12 þ bY22
p
; transverse cracking; fibrematrix debonding (11)
Fd ¼
8>>>>>><
>>>>>>:
Fd11 ¼ dlim
"
1 exp
Y0f  Yf
m
!#
 d11; while ε11 < εmax11 ; otherwise d11 ¼ 1
Fd22 ¼
D
Yts  Y0t
E
þ
Yct
 d22; while d22 <1; Y22 <Ymax22 ; Y12 <Ymax12 ; otherwise d22 ¼ 1
Fd12 ¼
D
Yts  Y0s
E
þ
Ycs
 d12; while d12 <1; Y22 <Ymax22 ; Y12 <Ymax12 ; otherwise d12 ¼ 1
(12)
respectively.
Effective inelastic strain rates are deﬁned in terms of damage:
_~ε
p
ij ¼ _εpij

1 dij

; for i; j2f1;2g (15)
A set of yield surfaces (or elastic domain functions)
Fp ¼ ½Fpf F
p
ts
u
is deﬁned for ﬁbre-direction and coupled
transverse-shear plasticity evolutions, respectively. To formulate
the transverse-shear yield surface Fpts, the standard MDT assumes a
Mises-type coupling between the transverse and shear effective
stresses [35,68], with the hardening assumed to be isotropic and
governed by a power law. Unlike in typical MDT-based models, a
ﬁbre-direction plasticity evolution Fpf is also introduced here since
natural ﬁbres demonstrate considerable inelastic behaviour [8]. The
ﬁbre-direction response is still assumed decoupled from the other
in-plane deformations similar to the standard model, and the ﬁbre-
direction hardening also appears to follow a power law based on
experimental observations (Fig. 5(b)).
We consider Fp having the following form, along with the
Kuhn-Tucker conditions:
Fpf ¼ ~s
eq
f  hf

~pf

 s0f  0; _pf  0; Fpf _pf ¼ 0
Fpts ¼ ~seqts  htsð~ptsÞ  s0ts  0; _pts  0; Fpts _pts ¼ 0
(16)
where function Fpf represents the inelastic behaviour in the ﬁbre-
direction, Fpts represents coupled in-plane transverse-shear
response; s0f and s
0
ts are plasticity initiation parameters to be
determined; hf and hts are hardening functions that are dependent
on accumulated effective inelastic strains: ﬁbre-direction repre-
sented by ~pf , and ~pts represents equivalent transverse-shear
(similar to that deﬁned in standard MDT model [35,68,70]). As
noted earlier, both hardening functions can be described as power
laws:
hf

~pf

¼ bf

~pf
af
htsð~ptsÞ ¼ btsð~ptsÞats
(17)
where bf , af , bts, and ats are all parameters to be identiﬁed.
Equivalent stresses ~seqf and ~s
eq
ts are scalars that inﬂuence plasticity in
the ﬁbre-direction and transverse-shear, similar to that in standard
MDT [35,68,70]:
~seqf ¼
s11
ð1 d11Þ
~seqts ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s212
ð1 d12Þ2
þ Ats s
2
22
ð1 d22Þ2
vuut (18)
In our numerical implementation, the above relationships (18)
are achieved by deﬁning ~seqf and ~s
eq
ts as the vonMises equivalents of
all n components in, respectively, vectors ~sf and ~sts:
~seqf ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1
n
~sfi
o2s
~seqts ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1
n
~stsi
o2s (19)
where vectors ~sf and ~sts are linear map transformations of effective
stress vector ~s:
~sf ¼Qf : ~s
~sts ¼Qts : ~s (20)
where Qf and Qts are transformation tensors with the
components:
Q f1111 ¼ 1; otherwise Q
f
ijkl ¼ 0
Qts2222 ¼ Ats; Qts1212 ¼ 1; otherwise Qtsijkl ¼ 0
(21)
where Ats is a coupling parameter to be identiﬁed.
Following the normality condition requirement of classical
plasticity, the accumulated plastic strain rate _~p is normal to the
elastic domain surface, i.e. it follows the direction of the gradient of
the respective yield functionFp. Therefore, similar to standardMDT
[35,68], we derive:
_~p ¼ _l; L ¼ vF
p
v~sij
; _~ε
p
ij ¼  _~pL for i; j2f1;2g (22)
where l is the plastic multiplier, and L is the plasticity direction
tensor. It follows that:
_~ε
p
11 ¼ _l
vFpf
v~s11
¼ _~pf
~s11
hf

~pf

þ s0f
 ¼ _~pf
_~ε
p
22 ¼ _l
vFpts
v~s22
¼ _~pts
~s22
htsð~ptsÞ þ s0ts

2_~ε
p
12 ¼ _l
vFpts
v~s12
¼ _~pts
~s12
htsð~ptsÞ þ s0ts

(23)
3.2. Multi-ply response using periodic homogenisation approach
To determine the behaviour of multi-ply laminates based on the
individual behaviour of each ply, an homogenisation procedure is
applied. Although regular multi-ply composites are generally
treated using the laminate theory [90], it is convenient to deﬁne a
homogenisation procedure based on the periodic homogenisation
theory. Such an approach, following the principles introduced in the
pioneering works of Bensoussan et al. [91] and Sanchez-Palencia
[92], can be deﬁned in the case of nonlinear behaviour of the
plies and has the advantage to account for 3D loading conditions.
This approach has been successfully implemented for composite
materials with plies exhibiting a strong non-linear response, such
as shape-memory alloy composites [93]. A fully coupled thermo-
mechanical approach has also been recently developed [88], which
will be advantageous for further work on coupling between dam-
age and other dissipative processes. Considering the rather
important development of irreversible strain in the Flax plies and
the stiffness evolution due to damage, the integration of the pro-
posed damage model into an incremental homogenisation strategy
is necessary to properly describe the local response of the plies,
taking into account internal stresses that might arise due to the
inelastic strain mismatch between the plies.
3.3. Implementation
The model has been implemented using the open-source
‘Smartplus’ Cþþ libraries (Smart Materials Algorithms and
Research Tools), developed by several collaborating laboratories
and institutions [94]. The mesoscale damage model numerical
implementation uses the convex cutting plane algorithm proposed
by Simo and Hughes [95]. The system of non-linear equations that
arises from the multiple damaging phenomena (damage evolution
functions Fd and plasticity yield functions F
p) are treated using
generic numerical schemes presented in Ref. [88].
The multiscale modelling scheme is summarised as follows:
1 The loading history is transformed into discrete applied stress
increments Ds
2 A material point numerical solver is utilised to predict an
increment of strain Dε, using the effective tangent modulus of
the composite material L t
3 Dεr is deﬁned as the strain increment decomposed over each ply
r using a localisation equation of the periodic homogenisation
method for laminates as presented in Ref. [88]
4 The constitutive model then predicts the evolution of damage,
updated mean stress, and the continuum tangent modulus in
each ply
5 The periodic homogenisation schemes use the tangent moduli
to predict a new localisation of strain increment, or if the peri-
odic homogenisation framework has converged to a solution for
the localisation equations, the updated effective stress and
effective tangent modulus is computed and returned to the
material point solver
6 The process continues until the material point solver converges
to match the applied stress increments e in which case, a new
increment step begins
3.4. Identiﬁcation of model parameters
All parameters related to damage and plasticity of the proposed
model are mainly identiﬁed by applying a cost-functionminimising
optimisation method. The optimisation algorithm searches for pa-
rameters that result in predictions that best match experimental
observations. Note that, to determine evolution functions for ﬁbre-
direction damage and inelasticity (equations (12) and (17), an
important contribution of this study on NFCs), it was necessary to
also conduct experimental methods of identiﬁcation (shown in
Fig. 5), similar to those recommended by publications on standard
MDT [35,68].
Due to the inherent non-linear response of the plies, and
especially the development of permanent strains, internal stresses
due to strain mismatch between the plies may occur and lead to
stress states signiﬁcantly different than those predicted using
classical linear elasticity theory. Therefore, the more appropriate
method to determine the actual stress/strain state of the plies is to
use the incremental multiscale scheme presented earlier. The
identiﬁcation method thus necessitates running the numerical
model, since no analytical closed-form solution is available for such
nonlinear ply response e or, if one exists, it has not been explored
yet due to the extreme dependence of such relations on the
constitutive model adopted and composite conﬁgurations.
The proposed scheme is an inverse identiﬁcation procedure
based on a hybrid genetic/gradient method [96] that combines an
evolutionary/genetic algorithm with the Levenberg-Marquardt al-
gorithm to minimise the cost function. Such a procedure is able to
identify material parameters directly from the modelled structure,
e.g. a multi-ply composite, that involves different stacking se-
quences and under loading conﬁgurations.
Having a constitutive model with a speciﬁc set of material pa-
rameters, the identiﬁcation problem is the determination of pa-
rameters that minimise the difference between computed and
experimental data. Since an applied stress loading path is used to
deﬁne the boundary value problem of the multi-ply multiscale
model, the resulting strains are utilised to deﬁne the cost function
to be minimised:
CðpÞ ¼ 1
2
X
i
1
Ni

vnumi ðpÞ  vexpi

(24)
where CðpÞ is the cost function, vnumi ðpÞ is the i-th result (longitu-
dinal and transverse strain) obtained with the numerical simula-
tion, vexpi is the corresponding i-th set of experimental data, and Ni
is a weight factor.
Note that all experimental data are obtained from a number of
tests at different times and at different spatial locations. The weight
factor is set to automatically consider an equal weighting of all
conﬁgurations tested:
CðpÞ ¼ 1
2
0
B@
P
t
P
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
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2
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
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2
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t
P
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
ε
exp
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2
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CA (25)
where εexpxx and ε
exp
yy represent the longitudinal and transverse
Fig. 5. Fibre-direction evolution laws for tensile (a) damage and (b) inelasticity, as
observed from Flax/epoxy [0]16 specimens.
components, respectively, of effective strain at time t, from a test
performed with ply stacking sequence stackseq; εnumxx and ε
num
yy
represent the corresponding values computed using the multiscale
model; and p denotes the set of guessed parameters.
Optimisation algorithms must account for local minima, which
are expected here considering the presence of multiple nonlinear
phenomena. Since gradient-based techniques ensure convergence
to a local minima, an heuristic such as genetic algorithm is utilised
simultaneously with a gradient-based one, to determine prefer-
ential sets of parameters and avoid, as much as possible, conver-
gences to local minima. The identiﬁed parameters are all listed in
Table 1.
4. Results, validation and discussion
The model proposed in this study was executed and the results
were validated for both synthetic laminates (T300/914 Carbon/
epoxy) and natural ﬁbre-based laminates (Flax/epoxy).
4.1. Carbon/epoxy (T300/914)
To validate the incremental periodic homogenisation scheme
integrated in our multi-ply damage model, simulations of stress-
strain response for T300/914 Carbon/epoxy laminates with
various ﬁbres orientation were compared with standard MDT
model predictions and experimental data published by Le Dantec
[70] and Ladeveze and Le Dantec [68]. As can be seen in Fig. 6,
predictions by our model and those by Ladeveze and Le Dantec are
very similar, conﬁrming that the periodic homogenisation-based
multi-ply response adopted in this study is robust, in a sense that
Table 1
Identiﬁed model parameters for Flax/epoxy laminate in-plane response.
Material properties
E01 31 GPa
ε
max
11 1.6%
n012 0.353
E02 4.6 GPa
n021 0.063
G012 2.0 GPa
Fibre-direction damage
Y0f 0.1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
dlim 0.2
m 0.38
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
Fibre-direction yield & inelasticity
s0f
10 MPa
af 0.54
bf 6200
Shear damage
Ymax12 2.96 MPa
Y0s 0.01
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
Ycs 2.5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
Transverse coupled damage
b 14
Ymax22 1.237 MPa
Y0t 0.51
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
Yct 6.8
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MPa
p
Transverse-Shear yield & inelasticity
Ats 2.195
s0ts 16 MPa
ats 0.16009
bts 180
Fig. 6. Comparing simulations by model proposed in this study with published Ladeveze-Le Dantec (LLD) model predictions [35,68,70], for T300/914 Carbon/epoxy laminates.
Corresponding test data adapted from Ref. [70].
it can simulate laminates with a variety of ﬁbre orientations and is
also capable of producing reliable damaged response predictions.
Note that such results were obtained using parameters identi-
ﬁed using the optimisation algorithm, which thus incorporates the
inherent non-linear response of the plies and not the linear elastic
approximation present in Ladeveze and Le Dantec [68]. The
determination of plies parameters based on the non-linear
behaviour of the ply is essential to properly consider the local
stress state, which strongly depends on the development of per-
manent strains and thus the strain mismatch between the plies.
4.2. Flax/epoxy
Publications on the standard MDT model recommend cycled
load-unload tests on [0], [90], [±45]S, and [±67.5]S laminates to
determine the material properties and parameter set [35,68]. Using
the cost-function minimising optimisation method discussed
earlier, this study identiﬁed parameters for Flax/epoxy laminates
based on the tested response of these ‘standard’ laminates. Cycled
progressive loading tests on [0]16 provide ﬁbre-direction material
properties (E01, ε
max
11 ε
max
11 , n
0
12) and evolution parameters for damage
(Y0f , dlim,m) and inelasticity (s
0
f , af , bf ). Tests on [90]16, [±45]4S, and
[±67.5]4S allow identiﬁcation of in-plane transverse and shear
material properties (E02, n
0
12, G
0
12), evolution parameters for shear-
transverse coupled damage (Y0s , Y
c
s , Y
0
t , Y
c
t , b, Y
max
22 , Y
max
12 ) and
inelasticity (s0ts, ats, bts, Ats).
At least four cycled progressive loading tests were conducted
per laminate. The parameters thus identiﬁed are listed in Table 1,
and the simulation results for these laminates are plotted along
with experimental response in Figs. 7 and 8. Note that, to maintain
clarity of demonstration, only one cycled test is shown for each
laminate. A very good agreement is observed between experi-
mental and simulated response for most laminates, including
predictions of damaged-condition modulus and residual strain
(refer back to Fig. 4 for deﬁnitions). Fig. 7(a) and (c) compare
simulation with tested monotonic response of three specimens
each along ﬁbre- and transverse directions, respectively; whereas
Fig. 7(b) and (d) make similar comparisons to demonstrate the
close agreement of predicted damaged-state modulus E and in-
elastic strain εp at each unload-reload cycle.
Fig. 8 provides similar comparative demonstration for [±45]4S
and [±67.5]4S specimens. Of note is the model prediction for
[±45]4S: while accurately predicting overall laminate response for
most of the loading (see Fig. 8(b)), our model predicts failure at a
much lower strain (2.5%) than observed in experimental speci-
mens (9e12%, see Fig. 8(a)) e but, at a failure stress that matches
experiments (75e78 MPa). The simulated response diverges from
the experimental after  1.7% laminate strain, as seen when
comparing plots in Fig. 8(a). The apparent ductile response and
large strains observed in tested [±45]S specimens is well-
documented for Flax-epoxy [56,57,59], and is attributed to the
rotation of plies towards the loading axis. The model prediction
begins to diverge at around the same loading point at which ply-
rotation is found to initiate, which is expected since the model
continues to enforce a±45 ﬁbre angle and does not account for any
reorientation before failure. The same discrepancy between
experimental and simulated Flax-epoxy [±45]S response was also
observed and discussed by Andersons et al. [62].
The good agreement between tested and simulated response
Fig. 7. Comparison of model simulation with experimental tests for [0]16 and [90]16 Flax-epoxy specimens. Monotonic tests (left) compare overall laminate response; cycled
progressive loading tests (right) compare evolving modulus and permanent strain.
conﬁrms that the damage and inelasticity evolution laws developed
for our modiﬁed-MDT model (Fd and F
p), including those pro-
posed for the decoupled ﬁbre-direction (Fig. 5), are appropriately
formulated to simulate NFC in-plane tensile response. To further
demonstrate the predictive power of the proposed modiﬁed-MDT
model, numerical simulation is executed for other commonly-
studied laminates: angle-ply [45]16, cross-ply [0/90]4S, and quasi-
isotropic [0/45/90/þ45]2S; shown in Fig. 9. As can be seen, the
numerical simulations continue to be in close agreement with
tested observations, thus indicating that the multi-ply damaged
response model developed in this study is ﬂexible and predictive.
4.3. Further discussion
The ply-level, or mesoscale, is chosen to be the basic scale of
modelling, since quantiﬁcation of the internal damaged state is still
possible at this scale (via mean ply damage and plasticity state
variables), unlike at the laminate scale (macroscale), without
sacriﬁcing computational simplicity as in the case with micro-
mechanical modelling. Our modiﬁcation to the standard MDT
proposes nonlinear stiffness degradation and permanent strain
accumulation for both ﬁbre-direction and coupled transverse-shear
response, where the evolution laws for each are formulated based
on experimental observations of NFCs e particularly Flax/epoxy
laminates. The unique damage and inelasticity parameters assigned
for each in-plane principal direction allows the orthotropic damage
effects within each ply to be followed separately. Insight can thus
be obtained on the contribution of each variable to the ply
response, and subsequently, the contribution of each ply to the
mechanical health of the overall laminate under loading.
As the global laminate mechanical response is a function of the
plies within, a multi-scale periodic homogenisation scheme (pre-
sented in Refs. [88,93]) is adopted to derive the laminate me-
chanical properties from the individual ply damaged response. An
inverse method (cost-function minimisation approach) is applied
to identify model parameters speciﬁcally for a continuous Flax ﬁbre
reinforced epoxy composite. As can be clearly observed from the
numerical simulation plots in Figs. 6e9, themodiﬁed-MDTmodel is
able to well simulate the damaged modulus and inelastic strain,
and thereby predict the complex nonlinear NFC laminate response.
In addition, the identiﬁed Flax-speciﬁc parameters result in pre-
dictions that closely match experimental observations (Figs. 7e9).
4.3.1. Scope for model expansion
A notable feature of our proposed model is that it does not
employ a separate ‘interface’ layer, as is considered by many MDT-
based laminate damage models [71,81,83], since a ply-layer-only
model is able to well capture the tensile response of Flax/epoxy
NFCs considered in this study (see Figs. 6e9) without the additional
complexity of an interface model. If inter-ply delamination mech-
anisms are of interest, an interface layer may be incorporated by
following the approach shown in Refs. [71,83,89,97]. A limitation of
our mesoscale model is that, while multiple damage mechanisms
may contribute towards stiffness degradation along a particular
direction, all such mechanisms are expressed by only a single
damage variable, so the model does not distinguish each distinct
damage type at the constituent level. For instance, ﬁbre-direction
damage involves both cracking in the Flax ﬁbre cell walls, and
Fig. 8. Comparison of model simulation with experimental tests for [±45]4S and [±67.5]4S Flax-epoxy specimens. Monotonic tests (left) compare overall laminate response; cycled
progressive loading tests (right) compare evolving modulus and permanent strain.
separation of elementary ﬁbres due to breakdown in the pectin
adhesion [40,50]; however, both are represented by only the single
variable d11 in our model. If separate quantiﬁcation of individual
damage mechanisms is desired, a micromechanical model may be
necessary where each contributing damage mode is assigned a
unique damage variable and evolution law, similar in approach to
that in Ref. [67].
Reported creep tests have conﬁrmed the viscous nature of NFC
response [66]. If isolating viscoelastic or viscoplastic response is of
interest, the inelastic dissipation in our proposed model may be re-
formulated similar to that proposed by Poila^ne et al. [66], where the
total strain is split into elastic, viscoelastic and viscoplastic com-
ponents, with experimentally-vetted plasticity evolution laws
deﬁned to allow kinematic hardening. The same study also
demonstrated a marked dependence of NFC ﬁbre-direction
response on operating temperature and rate of applied strain.
Fig. 10, adapted from the work of Poila^ne et al. [66], reveals an in-
verse relationship between ﬁbre-direction material properties
(modulus, strength) and rate of applied strain, as well as operating
temperature; however, with insigniﬁcant (or inconclusive) effect of
either factor on failure strain. Such dependence on strain rate or
temperature is also probable for transverse or shear response. As
far as ﬁbre-direction response is concerned, correlation with strain
rate appears to be roughly proportional on a logarithmic scale
(Fig. 10(a)), i.e. the reduction in modulus or failure stress is about
the same for each strain rate increase of one order of magnitude.
The temperature relationship does not appear to be proportional
from the data available (Fig. 10(b)), but it must be noted that, since
Fig. 9. Model prediction compared with experimental tests for angle-ply [45]16, cross-ply [0/90]4S, and quasi-isotropic [0/45/90/þ45]2S Flax-epoxy laminates. Monotonic tests
(left) compare overall laminate response; cycled progressive loading tests (right) compare evolving modulus and permanent strain.
the source authors Poila^ne et al. [66] reported only one test per
operating temperature, the data is insufﬁcient to conclusively
determine a trend. However, it may be safe to accept that there is no
apparent effect on material response between 20 and 50 C, after
which there is signiﬁcant reduction in both strength and modulus.
This reduction in ﬁbre-direction properties may be due to a
possible ‘softening’ in ﬁbre structure, and due to transition of the
epoxy matrix from a hard, glassy state to a rubbery state (the
epoxy-hardener combination reported in Ref. [66] has a glass
transition temperature Tg ¼ 140 C, per manufacturer datasheet).
In our study, the parameter set identiﬁed for Flax/epoxy is for
response under a 2 mm/min strain rate, at laboratory room tem-
perature 20 C. To apply our model for different loading rates or
temperature conditions (at least for > 50 C), the ﬁbre-direction
damage parameters may need to be re-identiﬁed. Alternatively, if
identifying new parameter sets is inconvenient: considering that
failure strain remains uninﬂuenced while modulus and failure
stress is affected, and assuming that the identiﬁed damage evolu-
tion laws in Equation (12) still hold true, dependence on strain rate
or temperature may be modelled by applying appropriate ‘scale
factors’ to scale up or down the simulated modulus E (Equation (7))
e similar to the approach used in Ref. [97]. To expand the model
further for in-plane transverse and shear response at different
strain rates or temperatures, the relevant damage and inelastic
evolution laws can be re-examined and, if necessary, re-formulated
based on experimental observation.
5. Conclusion
In summary, this study adopts a thermodynamically consistent
Continuum Damage Mechanics (CDM) based approach to develop a
predictive model for tensile response in natural ﬁbre reinforced
composites (NFC). On account of ﬁbre-speciﬁc damagemechanisms
unique to hierarchical ﬁbrous structures like plant ﬁbres, NFCs tend
to exhibit considerable nonlinearity in their ﬁbre-direction
response (unlike traditional Glass or Carbon ﬁbre composites) e
which is accounted for in the damage model developed in this
study in the form of nonlinear evolutions of stiffness and inelas-
ticity. The effect of well-known NFC damage mechanisms (ﬁbre
cell-wall cracking, axial splitting of ﬁbre bundles, ﬁbre-matrix
debonding, matrix damage, and inelasticity) are captured through
the state variables for damage and inelastic dissipation, deﬁned
along the lines of standard Mesoscale Damage Theory (MDT) ﬁrst
introduced by Ladeveze and Le Dantec [68,70], and elaborated by
Herakovich [35]. Experimental observations of continuous Flax
ﬁbre reinforced epoxy material are used to develop the model and
identify Flax-speciﬁcmodel parameters. Themodel is found to offer
very good predictions of room-temperature tensile response for
various Flax/epoxy laminate conﬁgurations. Limitations of the
model (discussed in the previous section) notwithstanding, our
modiﬁed-MDT damagemodel offers a powerful means of capturing
damaged mechanical response in multi-ply NFC laminates, and a
viable mesoscale alternative to the few macroscale or micro-
mechanical approaches proposed for NFCs to date (reviewed
earlier). The damage model and Flax-speciﬁc parameters can be
incorporated into a user-deﬁned material properties subroutine,
e.g. as part of a ﬁnite element structural model, thereby enabling
the convenient design and development of Flax ﬁbre reinforced
load-bearing structures.
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